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The Hull Cell was used to investigate the impact of current density) on the morphology and uniformity 
of zinc electrodeposited from a 2.5 mol dm -3 Zn 2+ solution in 1.5 mol dm -3 methanesulfonic acid at 40 °C 
onto carbon-composite surfaces. The range of the applied deposition current density used was between 
1 mAcrrr * 1 2 and 100 mAcm -2 . Good, robust deposits were obtained when j > 10 mAcm- 2 whereas at j’s 
lower than this, patchy films formed due to the competing hydrogen evolution reaction (HER) on the bare 
carbon-composite surface. An understanding of these effects and its application in the redox flow battery 
enabled both the coulombic and cell potential efficiencies to be maintained at relatively high values, 90% 
and 69% respectively, indicating a successful inhibition of the HER on the fully formed Zn layer. Flow 
velocity at the low Reynolds number in the cell (Re <200) had little impact on the electrochemical cell 
performance. Depletion of the cerium species became an issue for long charge times. 

© 2014 Elsevier Ltd. All rights reserved. 


1. Introduction 

The development and implementation of robust, reliable and 
efficient energy storage systems in the 100’s kW and MW scale has 
the potential to improve the stability of power systems and dis¬ 
tribution networks (facilitating the load levelling). Furthermore, it 
can avoid the need of increasing generation capacity from green¬ 
house gas emitter systems and allow intermittent sources of energy 
generation such as wind, wave, tidal and solar to be brought into 
the play. Indeed, this rapidly growing demand of energy generated 
by renewable energy sources has given rise to increased market 
opportunities for electrical storage devices, such as redox flow bat¬ 
teries (RFBs). 

Classical RFBs utilise a solution-based redox couple cycled 
through each half-cell to a reservoir, with a common strategy being 
to separate the half-cells by an ion exchange membrane in a bipo¬ 
lar plate filter-press reactor. Much of the early research on the 
redox flow batteries (RFBs) was carried out in the 1970s by Thaller 
and co-workers at the National Aeronautics and Space Administra¬ 
tion (NASA) [1], the Energy Development Associates (EDA) [2], as 
well as several Japanese research institutions [3] on systems which 
included the Fe/Cr, Fe/Ti [4,5] and Ru(bpy) 3 /(BF 4 ) 2 [6 couples. 
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Skyllas-Kazacos et al. [7,8] worked on the all-vanadium RFB sys¬ 
tem during the 1980’s and its success also led to the development 
of the vanadium-cerium [9], the vanadium-polyhalide [10,11], 
the vanadium-magnesium [12] and the vanadium-acetylacetonate 
[13] systems as these could provide higher cell potentials and 
energy densities. Since then, a variety of new RFBs have been devel¬ 
oped, such as the soluble lead-acid [14,15], the cadmium-chloranil 
[16] and the bromine-polysulfide [17]. 

Hybrid RFBs differ from the classical RFBs in that they have a 
solution based redox couple as well as an electrode surface/solution 
electrode reaction (such as solid state transformation, gas evolu¬ 
tion/reduction or metal deposition/stripping). Several hybrid flow 
batteries have also been examined, namely the copper-lead dioxide 
[18], zinc-bromine [19], zinc-cerium [20], zinc-nickel [21], zinc- 
chlorine [22] and zinc-air [23] batteries. It is not too surprising that 
the majority of these hybrid flow batteries are zinc-based as zinc 
has a relatively high negative reversible potential and is already 
extensively employed in the battery industry. Zinc/carbon pri¬ 
mary batteries (Leclanche cells) were amongst the earliest batteries 
while zinc/air and nickel/zinc batteries have also found markets 
[24]. 

The zinc-cerium hybrid RFB has been under development since 
the early 1990’s by Electrochemical Design Associates Inc. [25,26]. 
Further investigation of this system was conducted by Plurion 
Ltd., the University of Southampton [27-29] and the University 
of Strathclyde [30-33 . Its great advantage is its power to weight 
ratio due to its high open circuit cell voltage (E ce u = 2.4 V). This high 
cell potential (c./. 1.4 V for the all-vanadium battery open circuit 
voltage) has naturally a direct impact on the amount of power that 
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can be delivered at a specified current density. Methanesulfonic 
acid (MSA) is used as the supporting electrolyte as it allows the 
zinc and cerium electroactive species to dissolve at concentrations 
larger than 2.0 mol dm -3 and 8.0 x 10 -1 mol dm -3 , respectively. 
The cerium salt used was cerium (III) carbonate and its solubility 
in MSA is about 10 times greater than in sulfuric acid [34,35]. 

Previous studies on the Zn-Ce flow cell have reported charge 
efficiencies of more than 90% and energy efficiencies above 60% 
at 10 mA cm -2 for over 100 cycles [30]. The material of choice 
there for the negative electrode was a polyvinyl ester or polyvinyli- 
dene fluoride-carbon composite material (BMA5) while a platinized 
titanium mesh was used as positive electrode. The electrolyte com¬ 
position consisted of 5.9 x 10 -1 mol dm -3 Ce(IV), 8.0 x 10 -2 mol 
dm -3 Ce(III), 8.0 x 10 -1 mol dm -3 Zn(II) and 3.5 mol dm -3 excess 
MSA. The anode and cathode compartments were separated by 
a Nafion® 117 membrane. Both electrodes had a geometric area 
of 100 cm 2 . Leung et al. [27] reported coulombic, r] C and energy, 
T] s efficiency values of 85% and 49% respectively under the appli¬ 
cation of ±50mAcm -2 for a Zn-Ce RFB operating with similar 
electrolyte compositions. The charging time in this case was 
15 minutes while the number of cycles was 57. Xie et al. [36] 
have reported an r] £ of 75% in a solution containing 5 x 10 -1 mol 
dm -3 Ce(III) in 2.0 mol dm -3 MSA on the positive electrode and 
5xl0 -1 mol dm -3 ZnS 04 of aqueous solution on the negative 
electrode. However, a relatively small constant current of 200 mA 
was applied for 10 cycles. Furthermore, studies on a Zn-Ce undi¬ 
vided flow cell have been reported from Leung et al. [29]. The 
electrodes consisted of carbon felt compressed onto a planar car¬ 
bon polyvinyl ester, while planar carbon polyvinyl was used as 
the negative electrode. The charge and energy efficiencies were 
82% and 72% respectively, for a current density of 20mAcm -2 . 
A detailed and up to date review on the latest developments 
on the zinc-cerium flow cell has been provided by Walsh et al. 
[37]. 

The Zn-Ce RFB cell in its simplest form consists of a single 
anode - cathode pair with a cation exchange membrane separating 
the electrodes. In the uncharged state, the zinc electrolyte and the 
cerium (III) electrolyte are stored externally in separate reservoirs 
and are circulated through the negative and positive compart¬ 
ments, respectively, during the operation of the battery. For the 
negative side of the flow battery, the primary reaction is the zinc 
deposition/dissolution reaction. As this takes place in a strongly 
acidic environment, there is always the possibility of the hydrogen 
evolution reaction (HER) during the zinc deposition reaction. How¬ 
ever, the HER becomes kinetically inhibited once zinc is present on 
the electrode surface as the exchange current density (j 0 ) for HER on 
zinc is some seven orders of magnitude lower than it is on Pt [38]. 
In the charged state, the electrodeposited zinc active material is 
stored within the electrochemical cell on the negative electrode. At 
the positive electrode, the reaction here during charge is the oxida¬ 
tion of the Ce(III) to form Ce(IV). Due to the high standard potential 
of the Ce(III)/Ce(IV) couple, viz. 1.44 V vs SHE, the electron transfer 
reaction is inevitably accompanied to some extent by the aqueous 
solvent breakdown resulting in oxygen evolution at the anode. This 
situation is not helped by the fact that few electrode materials can 
withstand the high positive potential required for the cerium reac¬ 
tion over prolonged periods and the metal (oxide) coatings, such 
as the Pt|Ir on a titanium base, which currently present the most 
stable materials currently available for the positive electrode also 
tend to be good O 2 evolution catalysts. For the negative side of the 
flow battery, the primary reaction is the zinc deposition/dissolution 
reaction. 


Zn 2+ + 2e - «* Zn (s) £° = -0.76VvsS.H.E (1) 


At the positive electrode of the zinc-cerium flow battery, the 
primary reaction during charge is the oxidation of the Ce(III) to 
form Ce(IV). 

2Ce 3+ 4* 2Ce 4+ + e“ E° = 1.44 V vs S.H.E (2) 

The overall reaction of the zinc-cerium flow cell during dis¬ 
charge is: 

Zn + 2Ce(CH 3 S0 3 ) 4 ^ Zn(CH 3 S0 3 H) 2 +2Ce(CH 3 S0 3 ) 3 
E°= 2.20 V (3) 

This indicates that during the charge process where Zn is elec¬ 
trodeposited at the negative electrode and Ce 3+ is oxidised to Ce 4+ at 
the positive one, there must also be movement of protons through 
the cation-exchange membrane, from the cerium electrolyte to the 
zinc electrolyte, in order to maintain charge neutrality. This, along 
with the increased solubility of cerium in MSA, explains the highly 
acidic medium used in this system. In this study, the impact of 
current density on the morphology of the zinc deposits was first 
examined using the Hull cell [39-41 ] arrangement. The informa¬ 
tion obtained was then applied to the redox flow cell where the 
impact of electrolyte flow velocity into the cell on the coulombic 
and cell potential efficiencies was investigated. 

In general, zinc-based systems suffer from a high rate of self¬ 
discharge, i.e corrosion of the zinc in the electrolyte as well as that 
of dendritic growth, which can lead to internal short circuits and 
premature failures as has been found in the zinc-halogen redox 
flow battery 42,43]. As a result, extensive work has been carried 
out in order to optimize the design of electrolyte channels so as 
to minimize dendrite formation 44]. In the zinc-halogen batter¬ 
ies some of the factors that affect the zinc deposition here are the 
electrode substrate, the charging method, the cell geometry, the 
electrolyte hydrodynamics, the electrolyte composition and the 
zinc electrode morphology [45]. The investigation of aqueous zinc 
in sulfuric acid was carried out by Guillame [46] who reported that 
HER on stainless steel is inhibited by deposition of zinc and that 
the current density had little impact on the deposit morphology. 
The same study also reported that increasing the concentration 
of the zinc species (>2 x 10 -1 mol dm -3 ) yielded higher deposi¬ 
tion current efficiencies, viz. 80%. In the zinc-bromine battery, HER 
leads to lower coulombic efficiencies and then to the non-uniform 
deposition of zinc on cycling [47]. Van Parys et al. [45 also found 
that the micro stirring arising from gas bubbles formed in the mass 
transport controlled region for the zinc electrodeposition process 
increased the current density as well as the pH, due to the H + con¬ 
sumption, in the immediate vicinity of the electrode surface. On 
the other hand, if the deposition current was in the kinetically con¬ 
trolled region, the current density decreased due to the increased 
resistance of the electrolyte. In the zinc-nickel cell, zinc dendrite 
penetration of the separator and redistribution of the zinc electrode 
active material occurred on cycling as well as a densification of the 
zinc electrode [47]. Ito et al. [48] also reported an improved cycle 
life of the battery at 100% depth of discharge at high electrolyte 
flow velocities >15 cm s -1 . 

In the electrodeposition of metals, additives are widely used 
to control the form and nature of the electrodeposit (viz. deposit 
brightness, grain size, dendrites and nodules). Another objective of 
the additives is to reduce the HER during the zinc electrodeposi¬ 
tion. Examples here are glue and arabic gum which are the most 
commonly used additives in industry for the zinc electrowinning 
process [49,50]. However, in this particular study, additives were 
not employed since the MSA electrolyte also served to suppress the 
formation of dendrites and the particular focus was to examine the 
direct impact of current density on morphology in both the Hull 
cell and flow cell experiments. 
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2. Experimental 

The flow battery experiments were carried out using the system 
and apparatus described in reference [31 . The cell was constructed 
from HDPE with dimensions of 190 mm x 265 mm. Flow channels 
were designed into the cell to direct the flow over the electrodes. 
The exposed geometric areas of both positive and negative working 
electrodes were 10 cm x 10 cm. A117 Nation® membrane was used 
as a separator between the anode and cathode compartment in 
the cell (thickness = 175 |jim, Dupont®) [51]. Membrane-electrode 
spacings were adjusted through the use of silicone rubber gaskets 
to yield a cell gap of ^1 cm, giving a hydraulic diameters of the order 
of 1.8 cm. A peristaltic pump (Masterflex®) was employed to flow 
the solutions into and out of the flow cell with the aid of Masterflex® 
precision tubing. Typical Reynolds numbers achieved with the flow 
cell were in the range 25 to 172. Two 500 mL amber packer jars 
(FisherBrand) with a Teflon face lined cap were used as reservoirs 
for the flow cell. These were placed in a thermostated water bath 
with the operating temperature controlled by a Gallenkamp ther¬ 
mostirrer 95. All solutions were prepared using Milli-Q deionised 
water (resistivity 18.2 M^ cm) methanesulfonic acid (70%, BASF), 
ZnO (99.5%, Fisher Chemicals) and cerium (III) carbonate (Sigma 
Aldrich or Zibo Jiahua Advanced Material Resources Co. Ltd.). The 
carbon composite materials used on the negative side of the flow 
cell were either the fluor-polymer based BMA5 or the phenolic resin 
based BPP4 or the polypropylene based PPG86 carbon composite 
electrodes, described previously [52]. They were mounted onto a 
titanium base plate using silver conductive paint (RS186-3600) and 
araldite (Loctite 3430 A+ B, Hysol®) was used to seal the mounted 
electrode and expose only the desired surface area. For the posi¬ 
tive side, a 10 cm x 10 cm platinised titanium mesh (10gm -2 Pt) 
was employed. The charge/discharge cycles were carried out using 
either an EG & G M100A Potentiostat/Galvanostat controlled by 
custom written software in Lab VIEW or a Bio-Logic SP-150 poten- 
tiostat/galvanostat with a VMP3B-10 10 A current booster running 
EC-Lab® software. The Hull cell employed (Fig. 1 and inset) was 
constructed from polyvinyl carbonate and the counter electrode 
employed was a platinised titanium mesh, same as that used in the 
flow cell. The angle between the electrodes means that on appli¬ 
cation of a constant current between the electrodes, the cathode 
experiences a range of current densities all along its surface. The 
carbon composites were cleaned in methanol and dried in an argon 
stream prior to insertion in the Hull cell at the predefined angle. The 
plating solution, comprising 2.5 mol dm -3 Zn 2+ in 1.5 mol dm -3 
MSA was heated in a water bath to the desired temperature of 
40°C before being placed in the Hull cell. By applying a set cur¬ 
rent of 2 A, the current densities available for the zinc deposition 
process ranged from 1 mAcm -2 to 100 mA cm -2 [39-41 and this 



Fig. 1 . Dimensions and photograph (inset) of the Hull Cell employed in the elec¬ 
trodeposition investigations. 


also served to maintain the temperature to within 41 ± 1 °C in the 
cell during the 10 min of electroplating. 


3. Results and Discussion 

The impact of current density on the morphology of the Zn 
deposit was first examined using the Hull cell. Previous work 
[30,31] has shown that using charge and discharge current den¬ 
sities lower than 25 mAcm -2 at a temperature of 60 °C led to 
a sharp fall in the coulombic efficiency of the zinc deposi¬ 
tion/dissolution process, from ~96% down to ~81% for a 10 min 
charge (charge/discharge current density = 10 mAcm -2 ). The con¬ 
ventional Hull cell, with no flow, was thus used to explore if this fall 
was caused by the different nature of zinc deposits formed at these 
different densities. The limitations of using such a design though 
have been highlighted by Low et al. [53] who used their rotating 
cylinder Hull with excellent mass transport control conditions to 
model the primary, secondary and tertiary current distributions 
associated with ohmic, kinetics and mass transport regimes in the 
device. Nevertheless, the much simpler design employed in our 
experiments did yield samples of sufficient quality to the enable 
key changes in morphology as a function of current density to be 
obtained. 

The data obtained from the microscopic analysis of two of the 
carbon composite electrodes are shown in Figs. 2 and 3 for the 
BMA5 and BBP4 electrodes, respectively. The figures indicate that 
for current densities less than 10 mA cm -2 , the deposit at the end of 
the 10 min period is quite patchy and indeed for j < 5 mA cm -2 , very 
little zinc deposition occurred. This arises because the zinc depo¬ 
sition reaction is thermodynamically always the least favoured 
compared to HER and the current demand at these low current 
densities can easily be met by the latter reaction. At higher cur¬ 
rent densities, the faster kinetics of the zinc reaction takes over 
and zinc deposition on the carbon composite substrate occurs and 
its presence further inhibits the HER. What is encouraging from 
the microscope pictures is that over the current density range 
15 mA cm -2 to ~60 mA cm -2 , the deposits obtained were relatively 
smooth with no evidence of dendritic growth. It is worthwhile not¬ 
ing that this has been achieved without the presence of surface 
active agents. Beyond 80mAcm -2 , a roughening of the surface 
becomes more evident on both carbon composite substrates and 
reflects the rapid and less uniform growth of the zinc deposits under 
these conditions on the surface of the carbon substrates. It may well 
be that extending the electrodeposition process beyond the 10 min 
period chosen here could exacerbate the surface morphology of 
the deposits at the higher current densities, even leading to loss of 
deposited material under the flow conditions that would exist in 
the flow cell and so reduce the coulombic efficiency. However, the 
data obtained in this and previous work [27,28,30,31 ] does not indi¬ 
cate this to be a serious issue, possibly because of the low Reynolds 
numbers achieved in the flow cell. The 10 min electrodeposition 
period chosen was adequate to obtain a uniform zinc coating on 
the carbon substrates. 

Typical charge/discharge curves obtained from the zinc-cerium 
redox flow battery at a current density of 10mAcm -2 employing 
the BMA5 electrode are shown in Fig. 4. Charging here was carried 
out for 2 h from anolytes and catholytes at a temperature of 45 °C 
and a mean flow velocity of 9.5 cm s -1 into the cell. It shows a rel¬ 
atively flat voltage profile for both charge and discharge. The data 
in Table 1 summarises the results obtained from a study of flow 
rate dependence of the zinc and cerium electrolytes into the flow 
cell, carried out at a temperature of 45 °C using the BMA5 carbon 
composite electrode. The volumetric flow rate here was varied so 
that the mean flow velocity in the cell was in the range 7.5 cm s -1 
to 13.5 m s -1 , corresponding to Reynolds number of ~35 and ~80 
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10 mm 



30 mA cm -2 


6 mA cm 2 


Fig. 2. Photographs of electrodeposits from Hull cell experiment using the BMA5 electrode, showing the impact of current density on the surface morphology of the zinc 
deposits. (Scale bars of 1 mm and 10 mm shown). 


Table 1 

Impact of flow velocity and charge duration on the coulombic ( rj c ) and cell potential 
{rjy) efficiencies of the Zn-Ce flow cell at 45 °C. Charge/discharge current den¬ 
sity = 10 mAcm -2 on BMA5 electrode. 


Mean flow velocity/cm s -1 

Charge duration 



5 minutes 

240 minutes 

Vc 


1c 


7.5 

89% 

60% 

73% 

60% 

9 

91% 

61% 

71% 

60% 

10.5 

90% 

59% 

73% 

60% 

12 

90% 

60% 

71% 

59% 

13.5 

89% 

59% 

72% 

60% 


respectively. It is immediately obvious that flow velocity over this 
range has essentially no impact on the coulombic efficiency of the 
flow cell. What appears to be of more critical importance though 
is the duration of the charging process, with a coulombic effi¬ 
ciency of 90% obtained after a 5 min charge at a current density of 
10mAcm -2 but this value reduces to 72% after a four hour charge. 
Given that the zinc ion concentration on the negative side was 


2.5 mol dm -3 in a solution volume of 700 cm 3 and that of the Ce 3+ 
concentration in the positive side was 0.23 mol dm -3 (in a total 
cerium concentration of 0.67mol dm -3 ), again in a 700cm 3 vol¬ 
ume, it is relatively straightforward to evaluate the state of charge 
at the end of each of these charging periods and so, the depletion of 
the electroactive species. For the 5 min charge period, the reduction 
in the concentration of the Zn 2+ ion concentration in the negative 
electrolyte is insignificant (<0.003 mol dm -3 ) and correspondingly, 
that in the Ce 3+ concentration is ~0.006mol dm -3 . After the 4h 
charge, the zinc concentration was reduced to 2.39 mol dm -3 , rep¬ 
resenting still only a 4% state of charge. However, for the Ce 3+ 
concentration, this has dropped to 0.017 mol dm -3 , representing 
a 93% state of charge. If we take the mass transport coefficient k m 
in the cell to be 5.0 x 10 -3 cm s -1 [32], we can estimate the mass 
transport limiting current for the Ce 3+ oxidation at the positive elec¬ 
trode at that point to be ~0.8 A, below the charging current used 
for this study. It was inevitable therefore that coulombic efficiency 
would be significantly lowered here since the current would also 
have been involved in oxygen evolution at the anode and this was 
evident from the presence of gas bubbles in the flow tubes. Hence, 
this will always occur at long charge times at the current of 1 A 


10 mm 



30 mA cm 2 


6 mA cm’ 2 


Fig. 3. Photographs of electrodeposits from Hull cell experiment using the BPP4 electrode, showing the impact of current density on the surface morphology of the zinc 
deposits. (Scale bars of 1 mm and 10 mm shown). 
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f/h 

Fig. 4. Charge/discharge cycles for the Zn-Ce RFB at an electrolyte temperature of 
45 °C and mean flow velocity of 9.0 cm s -1 . 2 hour charge at a current density of 
10mAcm -2 . BMA5 electrode. 

when the concentration of the limiting reactant here, which is the 
Ce 3+ species, approaches 0.02 mol dm -3 . It is worth noting that the 
cell potential efficiency remains invariant with charging time indi¬ 
cating that at the very least, the ohmic resistance was not altered 
by this depletion. This is not unexpected as the acid concentration 
was 3.5 mol dm -3 and any oxygen bubbles produced at the elec¬ 
trode surface, which could also contribute to ohmic losses, would 
have been removed by the flowing solution. Nevertheless, the cell 
potential efficiency values here are not high and as has been noted 
previously [31 ], this has been attributed to the large area resistance 
(~51 £2 cm 2 ) arising from the mounting of the carbon composites 
onto the support plate in the cell. Measures are currently in hand 
to decrease this value by ca. two orders of magnitude in order to 
increase the dc roundtrip energy efficiency of the charge/discharge 
cycles at the high current used in this flow cell system. This high 
area resistance therefore severely limited the magnitude of the dis¬ 
charge current density that could be applied to the flow cell as the 
cut-off voltage during the measurements was set to 0.5 V. 

Fig. 5 again shows the charge/discharge data obtained from 
the flow cell operated at 45 °C with the BPP4 carbon-composite 
electrode. In this figure however, it can be seen that although 
the discharge current employed was always set to 10 mA cm -2 , 
the charging current was varied from 1 A to 4 A (10 mA cm -2 to 
40 mA cm -2 ). As expected, the cell voltage during the 30 min charge 
increased with the charging current employed, from 3.04 V at 1 A to 



t/ h 


Fig. 5. Charge/discharge data for the Zn-Ce RFB at 45 °C and mean flow velocity 
of 10 cm s -1 . Charging current ranged from 10 mA cm -2 to 40 mA cm -2 for 10 min. 
Discharge current was 10 mAcrrr 2 . BPP4 electrode. 


Table 2 

Impact of charging current density on the coulombic ( ijc ) and cell potential ( ijv ) effi¬ 
ciencies of the Zn-Ce flow cell at 45 °C, using the PPG86 carbon composite electrode. 
Mean flow velocity = 7.5 cm s -1 . 


J charge 

/ mAcrrr 2 

Jdischarge 

/mA cm -2 

Charge time 
/ s 

0c 


10 

10 

1800 

89% 

60% 

30 

10 

1800 

91% 

68% 

40 

10 

1800 

91% 

69% 

50 

10 

1800 

90% 

69% 


3.72 V at 4 A. However, the discharge voltage remained remarkably 
constant at 2.085 V, regardless of the charging current used. This 
signifies therefore that from an electrochemical viewpoint, the zinc 
deposits at these different voltages exhibit very similar behaviour 
with regards to electrical resistance and dissolution rates in the 
MSA medium. 

The data obtained from a similar study using the PPG86 carbon- 
composite electrode is summarized in Table 2 and this shows that 
the coulombic efficiency is again not affected by the different charg¬ 
ing current densities employed here, with values of 90 ±1% being 
obtained. It is worth noting though that the cell potential efficien¬ 
cies shown in the table were determined at the current density of 
10 mAcm -2 . This was done for each of the higher charging cur¬ 
rent used by reducing the current to 1 A for 30 s at the end of the 
charging period. What the data in the Table 2 indicates is that there 
is an improvement of ~10% in the cell potential efficiency mea¬ 
sured from the deposits achieved using current densities higher 
than 10 mAcnrr 2 . This suggests that the surface morphology of the 
deposits at the higher current density presents an improved surface 
for more efficient zinc deposition at the lower currents. It reinforces 
the Hull Cell data which indicated that at current densities lower 
than 15 mA cm -2 , (1.5 A for the flow cell), there was always the 
probability of areas on the surface where there would be a negligi¬ 
ble or low amounts of zinc deposition onto the carbon composite 
surface. In these areas, the HER would dominate on the carbon 
composite surface and the production of even small amounts of 
H 2 bubbles on the surface would tend to block zinc deposition and 
increase local electrical resistance. The surface deposit then would 
also tend to be patchy. At the higher current densities however, 
more uniform zinc coatings were obtained and further deposition 
on these surfaces, even at the lower current densities would not 
lead to the HER on the zinc surface since the latter reaction, as 
has been previously noted, is strongly inhibited here. Thus, high 
coulombic efficiencies could be maintained in these instances even 
at low charging current densities. 

4. Conclusions 

An examination of the parameters that could influence the 
performance of the zinc-cerium redox flow has been carried out. 
Although the flow rate, albeit over the narrow range explored, did 
not have a particular strong effect on performance, the current 
density employed for the deposition reaction determined the uni¬ 
formity and morphology of the zinc deposits formed, with current 
densities greater than 10 mA cm -2 recommended for this process. 
Depletion of the electroactive species was not a problem for the 
zinc under the operational conditions employed in the study, but 
for the Ce(III) species (~0.4 M), charging periods greater than ~3 h 
presented a significant issue due to a depletion of the species lead¬ 
ing to a reduction in the current efficiency caused by secondary 
oxygen evolution reaction. The data also revealed that lower charg¬ 
ing currents could be employed without any loss in coulombic 
efficiency once a complete zinc layer was present on the carbon 
composite surface. In this way, high states of charge could be 
reached in the system without reduction in the energy efficiency. 
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Care has to be taken however to ensure that the depletion of the 
cerium electroactive species does not occur at the long charging 
times, which would inevitably result in a loss in current efficiency. 
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